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Evaluating cerebral hemodynamics using quantitative digital subtraction
angiography and flat-detector computed tomography perfusion imaging: A
comparative study in patients with carotid stenosis
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Abstract

Background: The efficacy of both quantitative digital subtraction angiography (QDSA) and flat-detector computed tomography perfusion (FD-
CTP) is equivalent to that of magnetic resonance perfusion (MRP) in assessing perfusion deficits in carotid stenosis. This study evaluated the
feasibility of using FD-CTP to monitor cerebral hemodynamics during carotid stenting.

Methods: Thirteen patients with extracranial carotid stenosis (>70%) were included. Both QDSA and two FD-CTP sessions were performed
before and after carotid stenting. Cerebral circulation time (CCT) was defined as the difference between the time to peak (TTP) of the parietal
vein and the cavernous internal carotid artery. For FD-CTP and MRP, regions of interest (ROIs) were placed in the middle cerebral artery
territory at the basal ganglia level of both stenotic and contralateral hemispheres for measurement. The TTP ratio (rTTP) was defined as stenotic
TTP divided by contralateral TTP; and ratio of cerebral blood volume (rCBV), ratio of mean transit time (rMTT), and ratio of cerebral blood
flow (rCBF) were defined similarly. Both CCT and ratio perfusion parameters were compared during stenting.

Results: Before stenting, only rCBF (r = 0.73) and rTTP (r = 0.58) demonstrated correlations between FD-CTP and MRP; CCT correlated with
only rMTT in MRP (r = 0.69). After stenting, only rCBF (r = 0.56) indicated a correlation between FD-CTP and MRP. Regarding cerebral flow
after stenting, CCT (4.61 + 1.6 s) was shortened, rMTT (1.12 + 0.04) and rTTP (r = 1.05 + 0.03) decreased, and rCBF (0.91 + 0.16) increased
significantly.

Conclusion: FD-CTP provides a potentially more comprehensive hemodynamic assessment of parenchymal perfusion changes compared with
QDSA during carotid stenting, but FC-CTP requires additional 18 min. FD-CTP confirmed that the normalization of cerebral hemodynamics
began immediately and continued for 1—3 days.

Copyright © 2018, the Chinese Medical Association. Published by Elsevier Taiwan LLC. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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more beneficial for patients who develop carotid stenosis after
irradiation for preceding head and neck cancers.” Hyper-
perfusion syndrome (HPS) is characterized by considerably
increased cerebral blood flow (CBF) after successful revas-
cularization. The clinical triad of HPS includes headache,
seizure, and focal neurological deficits. The incidence of HPS
ranges from 0.5% to 10%, depending on the precise defini-
tion.* Numerous risk factors for HPS, such as bilateral carotid
stenosis, age, uncontrolled hypertension, stenotic sinus, and
blood—brain barrier disruption, have been proposed in the
literature; however, their exact mechanisms are not suffi-
ciently understood.” ® The most widely accepted etiology
involves impaired cerebral autoregulation,” which has been
strongly correlated with impaired cerebral vasoreactivity
(CVR).””'"" CVR is evaluated through single-photon emission
computed tomography (SPECT) or functional magnetic
resonance (MR) imaging, and the limited availability of these
evaluation approaches has restricted their application in
endovascular treatment. Another alternative approach is using
perfusion studies as a surrogate for CVR. By using appro-
priate threshold settings, studies have found increased cere-
bral blood volume (CBV), mean transit time (MTT), and time
to peak (TTP) to be reliable predictors of HPS development
after carotid revascularization.'*"?

Early recognition of a substantial increase in CBF after
stenting is crucial for preventing potentially dangerous com-
plications through proper management by using techniques
such as strict control of blood pressure, discontinuation of
antiplatelet management, and administration of mannitol to
control intracranial pressure.7 Cerebral circulation time (CCT)
has been used as a surrogate to monitor CBF during carotid
stenting and has demonstrated considerable efficacy in
detecting HPS.'*"'® The major advantage of this technique is
that it rapidly provides results without requiring extra radiation
and contrast. However, the overlapping vasculature in two-
dimensional images limits its application in quantifying the
brain parenchyma.

After an increase in the rotation speed and angle of the
angiographic C-arm system, sequential CT imaging with an
intravenous contrast bolus injection could successfully pro-
duce perfusion-like imaging.'” This approach can generate
reliable qualitative assessments of cerebral hemodynamics in
both animal and human studies, including measurements of
CBYV, CBF, MTT, and TTP. The Alberta Stroke Program Early
Computed Tomography (ASPECT) scores from MR perfusion
(MRP) and flat-detector computed tomography perfusion
(FD-CTP) in patients with acute stroke were comparable,
making it possible to triage patients with large penumbral
areas who could potentially benefit from endovascular ther-
apy.'®'” Lin et al. evaluated perfusion deficits in carotid
stenosis and reported that compared with absolute quantifi-
cation, the relative quantification of FD-CTP correlated more
strongly with MRP.*’

Ogasawara et al. observed immediate CBF augmentation
after carotid endarterectomy.2I However, Wilkinson et al. re-
ported that the transit time of the first bolus remained pro-
longed but normalized partly 3 h after carotid stenting.””

Soinne et al. confirmed the normalization of cerebral hemo-
dynamics 3 days after carotid stenting.”” The exact time
sequence of perfusion changes within the 3-day period
following carotid stenting remains unclear. In this study, we
performed advanced FD-CTP imaging to compare the effec-
tiveness between CCT and relative FD-CTP perfusion pa-
rameters in monitoring cerebral hemodynamics during
revascularization in chronic steno-occlusive disease and to
gain a better understanding of the time sequence of autor-
egulation after revascularization.

2. Methods
2.1. Patient selection

All patients referred to our department for carotid stenting
from August 2014 to December 2015 were eligible for this
study. All patients provided written informed consent after
consultation. Patients who had unilateral extracranial carotid
stenosis of more than 70% according to the North American
Symptomatic Carotid Endarterectomy Trial criteria were
eligible for inclusion. Exclusion criteria included having
contralateral stenosis, poor renal or heart function, prior ce-
rebral infarct, prior MR-evidenced territorial infarct, or being
uncooperative.”* Our local ethics committee approved this
study.

2.2. Flat-detector CT perfusion

Two quantitative digital angiography and FD-CTP sessions
were obtained immediately before and after stenting on the
same digital subtraction angiography machine (AXIOM Artis,
Siemens Healthcare, Forchheim, Germany). Fixed injection
protocols and imaging acquisitions were used to obtain
CCT.”>*° Angiographic series were processed using Syngo
iflow (Siemens Healthcare, Forchheim, Germany), and
time—density curves were obtained for selected regions of in-
terest (ROIs); CCT was defined as the difference in TTP be-
tween the parietal vein and the cavernous portion of the
internal carotid artery (ICA) in the lateral view of a digital
subtraction angiogram. CCT represents the duration required
for blood to flow through the brain parenchyma. The whole
FD-CTP sequence consisted of 10 C-arm rotations, and the
duration was approximately 1 min. Each rotation lasted 5 s and
covered 200°. The gap between the two rotations was
approximately 1 s. A power injector (Liebel-Flarsheim
Angiomat, [llumena) was used to administer a contrast bolus of
60 mL of Iopamiron (370 mg iodine/dL, Bracco, Italy), fol-
lowed by 40 mL of normal saline at a rate of 5 mL/s through
the antecubital vein. The contrast bolus commenced 5 s after
the start of FD-CTP acquisition. The first two rotations were
used for mask runs (clockwise and counterclockwise). The
details of acquisition protocols are provided in the litera-
ture.'”'® The datasets were sent to a workstation equipped with
Syngo iflow and a prototype of DynaCT perfusion (Siemens
Healthcare, Forchheim, Germany) for reconstruction. Arterial
input function selection was performed on the ipsilateral
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middle cerebral artery (MCA). A standard truncated singular
value decomposition algorithm without delay correction was
used to produce parametric color maps of CBV, CBF, TTP, and
MTT.”’** The median interval between FD-CTP acquisitions
was 37 (27—56) minutes before stent deployment and 18.3
(10.8—38) minutes after stent deployment. The overall radia-
tion dose for a single FD-CTP was 4.6 mSv, which is com-
parable to a multidetector CTP dose of 3.6 mSv.””*"

2.3. MRP process

All MRPs were performed between the day before and after
carotid stenting by using the same 1.5-T scanner (Signa HDxt,
GE Healthcare, Milwaukee, USA) with an eight-channel
neurovascular coil. Using an echo-planar imaging sequence,
we performed 70 sequential scans for seven slices. The tem-
poral resolution was 1 s. Imaging parameters were as follows:
flip angle, 60°; TR/TE, 1000 ms/40 ms; section thickness,
7 mm (with a 7-mm imaging gap); field of view, 240 mm; and
acquisition matrix, 128 x 128. A bolus injection of
gadobenate dimeglumine (7 mL; Multihance, Bracco, Milan,
Italy) was administered through the antecubital vein at a rate
of 3 mL/s by using a power injector (Opistar Mallinckrodt
Pharmaceuticals, Dublin, Ireland). The MR scan and the bolus
were started simultaneously. Perfusion mismatch analyzer
software (version 5.0, ASIST Group, Japan) was used for
analysis.”' The arterial input function of the ipsilateral MCA
was selected in both MRP and FD-CTP. The software auto-
matically determined the venous output function. The standard
singular value decomposition method was used in the decon-
volution algorithm to obtain TTP, CBV, CBF, and MTT values
in both MRP and FD-CTP.

2.4. Selection of ROIs

ROIs were placed in the MCA territory at the basal ganglia
level, similar to ASPECT in both stenotic and contralateral
hemispheres (Fig. 1).”> Two neuroradiologists who were
blinded to the clinical conditions of patients manually placed
the ROIs of pre- and post-stenting FD-CTPs through a side-by-
side comparison. For the absolute parameter measurement,
direct readouts of ROIs that were placed on pre- and post-
stenting CBE, CBV, MTT, and TTP color maps in both ste-
notic and contralateral hemispheres were used. Those mea-
surements were performed twice on FD-CTPs and once on
MRP by each observer. For relative quantification, the ratios of
hemodynamic parameters (fTTP, rCBV, rCBF, and rMTT)
were defined as the readouts of ROIs in the stenotic hemisphere
divided by the homologous one in the contralateral hemisphere.

2.5. Statistical analysis

SPSS software (version 20, SPSS 2010; IBM-SPSS, Chi-
cago, IL) was used to determine the Spearman correlations of
CCT, rCBEF, rCBV, rMTT, and rTTP between FD-CTP and
MRP before and after stenting. Peritherapeutic changes in the
aforementioned parameters were compared using the

Fig. 1. Selection of ROIs in a CBV map from FD-CTP in a patient with 75%
stenosis of the right ICA. ROIl was manually drawn to include the outer
middle MCA territory, posterior MCA territory, and insula according to the
ASPECT scoring system. ROI2 was manually drawn to include the corre-
sponding territory on the nonstenotic side.

Wilcoxon signed rank test. The significance level for all sta-
tistical tests was set at p < 0.05.

3. Results

Thirty-three patients received carotid stenting. No peri-
procedural complications were reported. Of the 33 patients,
six had contralateral stenosis, seven had a contraindication to
FD-CTP due to impaired renal or heart function, and five did
not receive MRP within 3 days. Moreover, two patients were
uncooperative, and motion artifacts compromised their sub-
sequent FD-CTP images. Therefore, after the exclusion of
these patients, 13 patients who underwent both pre- and post-
stenting FD-CTP were included (Table 1). The median age of

Table 1

Characteristics, pre- and post-stent stenosis.

NO. Age G Location Pre-D cm Pre-S % Post-D cm  Post-S %
1 61 M RPICA 0.09 x 0.07 95 0.31 x 040 11
2 75 F RPICA 0.14 x 0.26 86 0.38 x 0.40 44
3 57 M RDCCA 0.14 x 0.12 94 038 x 0.41 44
4 45 F LPICA 029 x 028 77 0.57 x 0.51 12
5 73 F LPICA 025x044 75 0.38 x 0.40 66
6 61 F RPICA 0.26 x 0.21 80 0.40 x 0.39 61
7 91 M LPICA 0.19 x 031 85 0.46 x 0.48 20
8 66 F LPICA 0.15x0.16 85 0.27 x 0.27 61
9 74 M RPICA 0.17 x 0.01 99 021 x 0.23 65
10 61 M LPICA 0.09 x0.15 95 0.45 x 0.36 45
11 62 M LPICA 0.07 x 0.12 97 0.38 x 0.43 53
12 78 F LDCCA 021 x 0.80 93 0.36 x 041 41
13 69 M RPICA 0.15x0.15 84 0.33 x 0.28 66

RPICA = Right proximal internal cerebral artery; LPICA = Left proximal
internal cerebral artery.

RDCCA = Right distal common carotid artery; LDCCA = Left distal com-
mon carotid artery.

Pre-S %: Percentage of stenosis before stenting.

Post-S %: Percentage of stenosis after stenting.
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the 13 patients was 71 years, ranging from 43 to 88 years;
seven patients were men and six patients were women. The
median stenosis degree was 86% (75%—99%). No significant
stenosis after stenting was noted in all patients. All patients
had satisfactory angiographic collaterals, according to the
classification by Henderson et al.”* Five patients had previ-
ously received radiotherapy for cancers of the head and neck
without contralateral stenosis. The intraclass correlation co-
efficients for the two readers were between 0.71 and 0.91. The
intraobserver kappa values for readers A and B ranged from
0.75 to0 0.99 and from 0.75 to 0.98, respectively (Table 2). The
absolute value of the parameters were not correlation between
FD-CTP and MRP (Table 2). However, before stenting, rCBF
(r = 0.73) and TTP (r = 0.58) were moderately-to-strongly
correlated between FD-CTP and MRP (Fig. 2). The CCT
exhibited a weak, moderate, and strong correlation with rCBF
(r = —0.34), i'TTP (r = 0.45), and tMTT (r = 0.69). respec-
tively, in MRP (Fig. 3). After stenting, none of the parameters
were correlated between FD-CTP and MRP (see Table 3).

For peritherapeutic measurements, both MRP and FD-CTP
exhibited the same trends: rCBF increased, rtMTT decreased,
and rTTP decreased significantly, but rCBV did not exhibit a
significant peritherapeutical change. The observed CCT was
shortened significantly from 4.5 + 1.5 to 3.9 + 1.0 s after
stenting (Table 4).

4. Discussion

Compared with CCT parameters, the hemodynamic pa-
rameters in FD-CTP were more strongly correlated with the
corresponding parameters in MRP. This is because the corre-
spondence of ROIs in three dimensions between FD-CTP and
MRP can improve the accuracy level. Additionally, the
waveforms of the time—density curves of the intravenous in-
jection were more comparable in FD-CTP and MRP exami-
nations, whereas the waveform of the time—density curve of
the intra-arterial injection used in the digital subtraction

Table 2
Intraobserver and interobserver variabilities of FD-CTP in absolute and rela-
tive CBE, CBV, MTT, and TTP.

Absolute Reader A Read B Inter-observer
kappa (CI) kappa (CI) kappa (CI)
CBF 0.87 (0.82—0.92)" 0.85 (0.80—0.91)" 0.73 (0.68—0.78)"

(ml/100 g/min)
CBV (ml/100 g)
MTT (seconds)
TTP (seconds)
Relative
rCBF

(ml/100 g/min)
rCBV (ml/100 g) 0.99 (0.98—0.99)" 0.98 (0.99—0.95)" 0.93 (0.96—0.89)"
rMTT (seconds) 0.87 (0.91—0.82)" 0.93 (0.88—0.96)" 0.81 (0.86—0.75)"
rTTP (seconds)  0.91 (0.94—0.86)" 0.90 (0.94—0.85)" 0.91 (0.94—0.86)"

CI = confidence interval; CBF = cerebral blood flow; CBV = cerebral blood
volume; FD-CTP = flat-detector CT perfusion; MTT = mean transit time;
TTP = time to peak.

# Indicates a significant difference.

0.89 (0.84—0.94)" 0.91 (0.87—0.93)" 0.86 (0.81—0.891"
0.75 (0.69—0.80)" 0.75 (0.71—0.79)" 0.73 (0.68—0.78)"
0.80 (0.75—0.85)" 0.79 (0.84—0.84)" 0.71 (0.66—0.76)"

0.95 (0.99—0.94)" 0.96 (0.99—0.93)" 0.84 (0.89—0.79)"

angiography for CCT might be somewhat altered, as described
in the literature.”* Previous studies have reported strong cor-
relations between CCT and rCBF, rMTT, and rTTP.'*!
Nevertheless, CCT was correlated with only time-dependent
parameters ({MTT and rTTP) in MRP in our study. TTP was
directly estimated on the basis of a gamma-variate-fitted
time—density curve from the voxel of interest in FD-CTP,
and it was less sensitive to deconvolution algorithms than
other perfusion parameters. Similar to MTT, CCT was used to
quantify the time required for blood to flow through the brain
parenchyma in angiography; therefore, both parameters were
strongly correlated.

The temporal resolution of FD-CTP acquisition used in this
study was approximately 6 s, which is longer than the MRP
scan interval. Hirata et al. reported that CBF and CBV
remained almost unchanged when the scan interval was less
than 5 and 10 s, respectively; however, MTT may be under-
estimated when the scan interval exceeds 2 s.”” The moderate
correlation of rCBF and rMTT between FD-CTP and MRP in
our study evinces the feasibility of obtaining reliable relative
perfusion parameters with a 6-s interval. We observed only
one case of excessive MTT. Because the same deconvolution
algorithm was used in FD-CTP and MRP with high consis-
tency in CBF (another parameter after deconvolution),
deconvolution may not have been the cause of the error.”® This
outlier in MTT may be caused by factors such as a prolonged
scan interval, the waveform of the time—density curve, or a
reconstruction artifact.”’*® The continuation of autoregulation
after stenting between the timing of FD-CTP and MRP might
explain the lack of correlation between the two studies.

rCBF, tMTT, and rTTP with both MRP and FD-CTP
exhibited results similar to those reported in the literature:
restoration of CBF and shortened stenotic-side MTT and TTP
after revascularization (Fig. 4).””* As reported in a previous
study, increased rCBV and prolonged MTT and TTP before
stenting are predictors of poor CVR and are associated with a
predisposition to HPS in perfusion studies.”’ CVR was not
sensitive to hemodynamic changes during stenting due to in-
dividual CVR variations. CVR indicates the vasodilatation of
the microvasculature and the recruitment of collateral circu-
lation distal to the site of a severe stenosis in response to
ischemia.*> ** Overall, the average severity of the stenosis
degree (83%) in our study was not severe enough to cause any
distal vasodilatation, collaterals, or a subsequent increase in
CBV compared with the contralateral side. Therefore, peri-
therapeutic CBV did not change significantly. This finding
explains why HPS was not observed in our patient population.

Fukuda et al. reported that increased CBF was observed
immediately after carotid endarterectomy through SPECT,
constituting the fastest follow-up interval of all imaging mo-
dalities after carotid revascularization.” The earliest obser-
vation of dynamic susceptibility of MRP was conducted 3 h
after stenting in a small patient population: Wilkinson et al.
observed that the asymmetry of rCBV decreased 3 h after
stenting, but this change did not reach statistical signifi-
cance.” Other studies with later follow-up intervals have also
reported similar trends.”>** In contrast to most other studies,
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Fig. 2. Correlation between (a) rCBF, (b) rCBYV, (c) rtMTT, and (d) rTTP in MRP and FD-CTP.

Pinero et al. revealed that none of the parameters in suscep-
tibility of MRP demonstrated significant restoration of perfu-
sion 1 day after stenting. However, the follow-up observation
in the same study showed that TTP significantly decreased 1
month after stenting.*® By contrast, Soinne et al. reported that
cerebral perfusion improved 3 days after stenting, but only
MTT was significantly normalized, and this benefit persisted
beyond 30 days.™

In our FD-CTP study, we observed that the normalization
of cerebral hemodynamics had already occurred between 10
and 30 min after stenting. The variability of normalization is
likely due to covariates such as the preexisting cerebrovascular
reservoir and the connectivity of the circle of Willis."” We also
observed excessive cerebral flow augmentation (rfCBF = 1.07,
overshoot phenomenon) between 10 and 30 min after carotid
stenting. Restoration of blood flow rebounded immediately to
its highest amplitude after stenting and gradually normalized
after 30 days.B‘44 In the literature, a 100% increase in CBF in
MRP or a 45% increase in CBV in cone-beam CT are two

signs of hyperperfusion.”’ In our study, no patients satisfied
the aforementioned two criteria or developed hyperperfusion.

Our study has several limitations. First, our sample size was
small; therefore, additional studies with a larger sample size
are warranted to confirm our results. The use of multidetector
CTP for measurement validation would be a more effective
approach; however, iodine contrast-induced nephrotoxicity is
always a major concern, especially in elderly patients.’® Each
FD-CTP imaging dataset was reconstructed through a 5-s C-
arm rotation. We expect that the rotation time would decrease
in newer imaging systems. Two patients were initially enrolled
but later excluded because motion artifacts compromised the
imaging process. The reconstruction of the imaging dataset by
averaging 5-s acquisitions is vulnerable to motion artifacts.
This drawback potentially limits its application in uncooper-
ative patients.

The exclusive availability of FD-CTP in the angiosuite
indicates that territorial quantitative cerebral hemodynamic
evaluation is feasible and can potentially facilitate improved
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Fig. 3. Correlation between CCT and (a) rCBF, (b) rCBV, (c) rtMTT, and (d) rTTP in MRP.

imaging workflow for patients with acute stroke inside the
angiosuite.18 Furthermore, FD-CTP revealed that the normal-
ization of cerebral hemodynamics occurred between 10 and
30 min after stenting. Although rCBF showed the strongest
correlation between MRP and FD-CTP in both pre- and post-
stenting evaluations, the visual perception of improved MTT

Table 3

Comparisons of TTP, CBV, CBF and MTT in ipsilateral and contralateral

hemispheres before and after carotid stenting.

Stenotic side Before After

P
Median (Q1—Q3) Median (Q1—Q3)
CBF (ml/100 g/min) 38 (25—=57) 41.5 (26—62) 0.061
CBV (ml/100 g) 40 (3.4—4.8) 51 (3.1-8.1) 0.064
MTT (seconds) 10.1 (6.9—-159) 9.2 (6.8—14.2) 0.12
TTP (seconds) 16.7 (11.7—-19.4) 129 (12.3—17.8) 0.08
Contralateral side Median (Q1—Q3) Median (Q1—Q3)
CBF (ml/100 g/min) 40.5 (24—52) 45 (26—64) 0.144
CBV (ml/100 g) 4.5 (3.1-6.0) 5.5 (3.2—8.3) 0.068
MTT (seconds) 8.6 (7.8—13.0) 8.25 (7.3—15.5) 091
TTP (seconds) 16.7 (11.5—18.7) 129 (12.3—18.5) 0.43

Ql: first quartile; Q3: third quartile.

and TTP peritherapeutically was better than that of CBF.** By
using these parameters, we can more accurately assess the
flow changes peritherapeutically compared with CCT alone to

improve patient safety.

Table 4

Comparisons of CCT, rTTP, rCBYV, rCBF, and rtMTT in MRP and FD-CTP

before and after carotid stenting.

Before After P
Median (Q1—Q3) Median (Q1—Q3)
CCT (seconds) 4.5 (3.5-5.3) 3.9 (3.4-3.8) 0.043"
MRP
rCBF 0.86 (0.75—0.95) 1.02 (0.87—1.03) 0.007*
rCBV 0.97 (0.91—1.15) 0.96 (0.92—1.08) 0.833
rMTT 1.17 (1.13—1.32) 0.95 (0.90—1.06) 0.002*
rTTP 1.25 (1.11—1.34) 0.97 (0.83—1.08) <0.001
FD-CTP
rCBF 0.87 (0.79—0.95) 1.07 (1.02—1.19) 0.043"
rCBV 1.01 (0.95—1.06) 0.98 (0.92—1.12) 0.445
rMTT 1.11 (1.06—1.13) 0.89 (0.81-0.91) 0.02*
rTTP 1.05 (1.02—1.08) 1.01 (0.95—1.03) <0.001"

Ql: first quartile; Q3: third quartile.
# Indicates a significant difference.
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Fig. 4. A 61-year-old man with left ICA stenosis of 90% received carotid stenting. FD-CTP before stenting (A: CBF, B: CBV; C: MTT; D: TTP) and after
stenting (E: CBF, F: CBV; G: MTT; H: TTP) was performed. Increased CBF and CBYV in the left MCA territory after stenting were noted. A decrease in MTT in

the left MCA territory was also noted. TTP was considerably reduced.

In conclusion, compared with CCT, the hemispheric rela-
tive quantification of FD-CTP was proven to provide robust
quantitative assessments of cerebral hemodynamic changes
inside the angiosuite. Restoration with slight cerebral blood
overflow and the normalization of MTT and TTP occurred
almost immediately after carotid stenting. The results obtained
from FD-CTP within the angiosuite enable us to better un-
derstand the pathophysiology of HPS, and it can potentially
play a role in identifying patients at a high risk of hyper-
perfusion, thus possibly improving patient safety.
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